Lead-free solders with high Sn content cause excessive interfacial reactions at the interface with under-bump metallization during reflow. The interface formed after reflow affects the reliability of the solder joint. For this paper, we investigated the interfacial reactions of Sn0.7Cu and Sn36Pb2Ag solder on electrolytic Ni layer for different reflow times. The traditionally used Sn36Pb2Ag solder was used as a reference. It was found that during as-reflowed, the formation of Cu-rich Sn-Cu-Ni ternary intermetallic compounds (TIMCs) at the interface of Sn0.7Cu solder with electrolytic Ni is much quicker, resulting in the entrapment of some Pb (which is present as impurity in the Sn-Cu solder) rich phase in the TIMCs. During extended time of reflow, high (>30 at.%), medium (30-15 at.%) and low (<15 at.%) Cu TIMCs formed at the interface. The amount of Cu determined the growth rate of TIMCs. Cu-rich TIMCs had higher growth rate and consumed more Ni layer. By contrast, the growth rate of the Ni-Sn binary intermetallic compounds (BIMCs) in the Sn36Pb2Ag solder joint was slower, and the Ni-Sn BIMC was more stable and adherent. The dissolution rate of electrolytic Ni layer for Sn0.7Cu solder joint was higher than the Sn36Pb2Ag solder joints. Less than 3 m of the electrolytic Ni layer was consumed during molten reaction by the higher Sn containing Sn0.7Cu solder in 180 min at 250°C. The shear strength of Sn-Pb-Ag solder joints decreased within 30 min of reflow time from 1.938 to 1.579 kgf due to rapid formation of ternary Ni-Sn-Au compounds on the Ni-Sn BIMCs. The shear strength of Sn0.7Cu solder joint is relatively stable from 1.982 to 1.861 kgf during extended time reflow. Cu prevents the resettlement of Au at the interface. The shear strength does not depend on the thickness of intermetallic compounds (IMCs) and reflow time. Ni/Sn-Cu solder system has higher strength and can be used during prolonged reflow.
I. INTRODUCTION
Soldering is the most important method for joining mechanical components in electronics. Soldering technology using conventional lead-tin solders still plays an important role for advanced packaging.
1,2 However, Pbcontaining solder has become a major issue in manufacturing due to environmental and health concerns. Because of a lack of information behavior in practice, a great deal of reliability tests are needed before lead-free solder can replace traditional tin-lead solder.
One of the most influential factors in the solder joint quality of a ball grid array (BGA) component is the metal surface finish on the pads. The most common surface on BGA components is electrolytic Ni/Au plated over the copper pad of the flexible substrate. Interaction and interdiffusion behavior between the solder and Cu has been studied elsewhere. It was found that at the Sn-containing solder/Cu interface, tin reacts rapidly with Cu to form Cu-Sn intermetallic compounds (IMCs), which weakens the solder joints due to the brittle nature of the IMCs. The strength of the solder joint decreases with an increasing thickness of IMCs that form at the interface and these IMCs act as initiation sites for micro-cracks. [3] [4] [5] The electrolytic Ni layer on Cu pads creates good solderable surface and also acts as a good diffusion barrier layer. Many studies have shown that the growth rate of intermetallic compounds is lower in the Ni/solder system than in the Cu/solder system. [6] [7] [8] The reaction rate of molten eutectic Sn-Pb on Ni is about 100 times slower than that of molten eutectic Sn-Pb on Cu. 9 IMCs, shear strength, and dissolution rate of Ni layer during extended reflow are the main focus in this paper.
The Sn0.7Cu alloy is one of the promising lead-free alloys. The Sn0.7Cu solder have the longest thermal fatigue life among all the lead-free solder/under-bump metallization (UBM) interconnect structures. 10 The eutectic Sn-Cu solder is the most promising lead-free replacement for the Sn-Pb solder in wave soldering applications. 11 The cost of this solder is lower than the Sn-Ag and Sn-Ag-Cu solder but melting temperature is slightly higher. 12 The metallurgical behavior of Sn0.7Cu solder joints with electrolytic Ni and the related joint reliabilities have not been sufficiently studied as yet. A detailed study to correlate the microstructures and mechanical properties of a solder joint with compositional change, as a function of reflow time, is needed. Therefore, the present study was carried out to investigate the interfacial reaction kinetics with electrolytic Ni metallization during prolonged reflow soldering for both Sn-Pb-Ag and Sn0.7Cu solder.
II. EXPERIMENTAL PROCEDURES
The solder joints were made by soldering between two-layer flexible metal substrates with Cu/Ni/Au-coated pads and Sn-Cu and Sn-Pb-Ag solder. The flexible substrate had ball pads of a circular area with a diameter of 650 m. The composition of the solder ball was Sn0.7Cu (wt%). The size of the solder balls was 0.762 mm. The solder balls were placed on the substrate as shown in Fig.  1(a) and then reflowed at 250°C for Sn-Cu and 210°C for Sn-Pb-Ag solder in a 5-zone N 2 reflow oven (BTU VIP-70N). After the as-reflowed [ Fig. 1(b) ], all samples were kept again at the same reflow temperature as mentioned above for 5, 10, 30, 120, and 180 min in an isothermal oven.
To investigate the microstructure of the samples, the samples were mounted in epoxy after each reflow. The samples were ground and polished very carefully and then gold coated for examination. The microstructural analyses of the gold-coated cross-sectioned samples were obtained using a Philips XL 40 FEG (Philips Electron Optics, The Netherlands) scanning electron microscope (SEM). For the compositional analysis, energy dispersive x-ray analysis (EDAX International, Mahwah, NJ) was performed in the SEM.
Shear test was performed on reflowed samples by using a Dage Series 4000 Bond Tester. A shear tool height of 100 m and shear speed of 550.0 m/s were used. A total of 20 solder ball joints were sheared for each condition. The fracture surfaces after the ball shear test were investigated thoroughly by SEM in secondary electron mode as well as by EDX. average shear strength of Sn-Pb-Ag solder joints is 1.94 kgf, which is slightly higher than that of the Sn0.7Cu solder joints (1.89 kgf). However, the main differences between these two solder joints are that the maximum shear strength is found for the Sn0.7Cu solder after 180 min (1.98 kgf.) and for the Sn-Pb-Ag solder joints after as reflowed (1.94 kgf). Sn0.7Cu solder joint shows a minimum value of shear strength after 120 min (1.86 kgf), a 6% reduction from the highest strength, whereas for Sn36Pb2Ag solder it is found after 30 min (1.58 kgf), an 18% reduction from the highest strength. The Sn0.7Cu solder gives relatively stable ball shear strength from 1.98 to 1.86 kgf over the whole duration of interest.
These results demonstrate that the electrolytic Ni/Sn0.7Cu solder system has greater solder joint integrity compared to the Ni/Sn36Pb2Ag solder system during extended times molten reaction. The reasons for such different trends of mechanical strength for different solder joints could perhaps be explained by an in-depth study of interfaces, as detailed below.
B. Reaction kinetics and cross-sectional studies of the interface
To investigate the shear strength and reaction kinetics of these two solder joints, detailed cross-sectional studies were carried out by SEM. During reflow, molten solder absorbs the entire Au layer into solution, allowing Pb, Ag, Sn, and Cu from the solders to react with the Ni layer and to form different types of IMCs at the interface. These IMCs together with unreacted Ni provide the adhesion between the solder and the substrate. solder (Fig. 4b) . [13] [14] [15] The thickness of intermetallics is 1.77-2.39 m. The growth rate of Cu-rich TIMCs is very high with the expense of high dissolution of Ni layer. In Sn-Pb-Ag solder joint [ Fig. 4(d) ], the BIMCs on Ni layer are Ni 3 Sn 4.
8, 16 The thickness of Ni-Sn BIMCs is about 263 nm. The growth rate of BIMC is very low due to relatively lower availability of Sn in the Sn-Pb-Ag solder. The interface roughness is greater for Sn0.7Cu solders than for Sn-Pb-Ag solder, which seems to be related to the fast kinetics of formation and growth of the TIMCs at the beginning of the solder reaction. The TIMCs have apparently changed the interfacial energies between the compounds and the molten solder, which affect the morphology of the compounds. 17 The initial average shear strength of Sn-Pb-Ag solder joints is slightly higher than the Sn0.7Cu solder joints. It may be due to the presence of lower Ni-Sn BIMCs thickness at the interface of the Sn-Pb-Ag solder joints Fig. 4 .
Interface after extended reflow
A reflow time for industrial applications above 10 min may not be realistic for practical processes. However, in this study, we have used up to 180 min. The main purpose of this unrealistic time in the molten state or reflow time is the scientific interest in establishing a database, which is than helpful for prediction of life and for designing new components.
After 10 min reaction in molten condition, it is seen that the IMCs thickness of both samples grow gradually with the increase of reflow time. The shear strength of the Sn0.7Cu solder joints has increased slightly. The little increase of shear load of the solder joints may be related to the homogenization of the solder alloy with the time of reflow. But in the Sn-Pb-Ag solder joints shear strength decreases significantly with molten time (Fig. 2) . This is due to the formation of Au-Sn-Ni compounds on the top of Ni-Sn BIMCs, which creates a weak interface with the Sn-Pb-Ag solder. [18] [19] [20] Au has resettled very rapidly to the interface of the Ni/Pbcontaining solder than the Cu-containing lead-free solder.
After 30 min reaction in molten condition, it is seen that the TIMCs thickness of Sn0.7Cu solder joint increases with reflow time whereas the original Ni layer thickness decreases [ Fig. 5(a), 6, and 7] .The Cu-rich TIMCs thickness is 3.58-4.76 m. We have reported that the thickness of Sn-Cu-Ni TIMCs in the Ni/Sn-Ag-Cu solder system is 6-10.5 m during 30 min reflow, 21 which is higher than the Ni/Sn-Cu solder system. There may be two reasons for such growth behavior of TIMCs in Ni/Sn-Cu solder system: (i) The percentage of Cu in the top of the TIMCs is very high. It is assumed that the top Cu-rich TIMCs layer in Sn-Cu solder is initially Cu 6 Sn 5 IMCs and later some Cu of Cu 6 Sn 5 are replaced by Ni to form TIMCs. In the case of Sn-Ag-Cu solder, the Sn-Cu-Ni TIMCs form at the beginning. The growth rate of Sn-Cu-Ni TIMCs is faster than Cu 6 Sn 5 IMCs. 22, 23 (ii) Pb-rich phases have entrapped into the Cu-rich TIMCs, which may have some effect on the diffusion of atoms. The growth rate of TIMCs and consumption rate of Ni layer have changed after 10 min reflow (Figs. 6 and  7 ). This is a sign of the start of the formation of mediumCu TIMCs in between the Cu-rich TIMCs and Ni layer. The growth rate of medium-Cu TIMCs are lower than the 19 AuSn 4 compounds are found within the both solders. Cu-Sn-Au and Sn-Cu-Ni-Au compounds are also found within the Sn-Cu solder, so significant amount of Au cannot diffuse back to the interface. It is seen that some Ni atoms have diffused through the TIMCs and form quaternary compounds in the SnCu solder. No Au-Sn-Ni compound is found within the Cu-containing solder. Cu prevents the resettlement of Au at the interface and the formation of Au-Sn-Ni compound in the Ni/Sn-Cu solder system. The shear strength of Sn-Cu solder joints decreased slightly. In the case of Sn-Pb-Ag solder, the growth rate of Ni-Sn BIMCs is very low. However, the shear strength of the Sn-Pb-Ag solder joints decreases significantly with the increase of molten time. It is due to formation of more Au-Sn-Ni compounds with reflow time on the top of the Ni-Sn BIMCs [ Fig. 5(b) ]. The slightly darker phase close to the interface in the Sn-Pb-Ag solder is composed of Ag and Sn, i.e., form Ag 3 Sn platelet compound.
The atomic percentage of Ni increased in the solder side of the TIMCs by substituting some of its Cu with Ni during extended time of reflow. Spalling of TIMCs is observed in the Sn-Cu solder as hexagonal shape and hexagonal rodlike shape (Fig. 8) . Pb-rich phase with solder are found in the center of Cu-rich hexagonal TIMCs [ Fig. 8(a) The only metal left to react with Ni is Sn on the top of electrolytic Ni layer. The growth rate of low-Cu TIMCs is very low. Therefore, the thickness of TIMCs and consumption rate of Ni layer has changed significantly after 30 min reflow (Figs. 6 and 7) . At this stage, the average shear strength of the Sn-Cu solder joints has decreased slightly but is still higher than the Sn-Pb-Ag solder (Fig. 2) . For Sn-Pb-Ag solder joint [ Fig. 8(c) of the Sn-Pb-Ag solder joints does not change significantly. The size of Ag 3 Sn compounds has increased significantly on the Ni-Sn BIMCs.
After 180 min, molten reaction of Sn-Cu solder, it is seen that three layers of TIMCs have formed at the interface. The high and medium-Cu TIMCs in the micrographs cannot be separated by the backscattered electron mode in SEM due to their almost similar atomic weight. However, the low-Cu TIMC is easily identifiable in the backscattered electron micrographs [ Fig. 9(a) ]. The thickness of low-Cu TIMCs does not increase significantly with reflow time. It is concluded that low-Cu TIMCs have very lower growth rate and dissolution rate of Ni layer as compared to the high and medium-Cu TIMCs. In the case of Sn-Pb-Ag solder, the Ni-Sn BIMCs have low growth rate and are more stable and well adhered on the electrolytic Ni layer [ Fig. 9(b) ]. According to the EDX analysis, the atomic percentage of Sn and Ni are not the same in the through thickness as Ni-Sn BIMCs. It seems that these Ni-Sn BIMCs are a mixture of Ni 3 Sn 4, Ni 3 Sn 2 , and Ni 2 Sn. Au-Ni-Sn compounds are still found on the top of Ni-Sn BIMCs but do not form any layers. The shear strength of the both solder joint is slightly increased. The Ni layer after 180 min reflow for for Sn0.7Cu solders joints is still intact (about 2.93 m). The average consumption rate of Ni layer is about 0.01144 m/min, which is lower than the Ni/Sn-3.5Ag-0.5Cu solder system (∼0.0128 m/min). 21 It is interesting that in Ni/Sn-Ag-Cu solder system, low-Cu TIMC appears much earlier (before 30 min) than it does in the Ni/Sn-Cu solder system. Therefore, it is expected that the overall Ni consumption should be less in Sn-Ag-Cu. However, high spalling of IMCs in the later stage ultimately increase the dissolution rate of Ni layer in SnAg-Cu. The Ni layer intact for Sn-Pb-Ag solder joints is about 4.54 m. The average consumption rate of Ni layer is about 0.00254 m/min, which is (∼4.5 times) lower than the Sn-Cu solder during 180 min reflow. This suggests that Ni consumption rate is not high during extended time of reflow in the Ni/Sn-Cu solder system compared to the Ni/Sn-3.5Ag-0.5Cu solder system.
C. Effect of elements during extended reflow
The entrapments of Pb-rich phases in the Sn-Cu-Ni TIMCs have no effect on the shear strength of the solder joints. Au-Sn, Au-Sn-Ni, Ag-Sn, and Ni-Sn IMCs are found in the Ni/Sn-Pb-Ag solder system and Au-Sn, Cu-Sn, Cu-Sn-Au, Sn-Cu-Ni-Au, and Sn-Cu-Ni IMCs are found in the Ni/Sn-Cu solder system. There is no appreciable difference of Sn content in the through thickness of the TIMCs for extended reflow. Sn can diffuse through the TIMCs at a fast rate. 24 Low, medium, and high-Cu TIMCs have significant effect on the dissolution rate of Ni layer and thickness of IMCs at the interface. Cu-Sn compounds are not stable within the Cucontaining solder during extended reflow. Therefore, Cu-Sn-Au and more stable Sn-Cu-Ni-Au quaternary compounds are formed within the solder. An insignificant amount of Au diffuses to the interface and forms Sn-Cu-Ni-Au quaternary compounds after 30 min reflow. Therefore, 0.7 wt% Cu prevents the significant amount of Au to resettle at the interface, which helps to reach relatively stable shear strength during extended reflow time. For the Ni/Sn3.5Ag0.5Cu solder system, we have reported that the shear strength decreases due to resettlement of Au at the interface during 30 min reflow. 25 There may be two reasons for this: (i) There is a lower percentage of Cu within the solder. Therefore, Cu-Sn IMCs within the solder absorbed little Au as compared to Sn0.7Cu solder. (ii) A higher reaction rate is observed in the Ni/Sn-Ag-Cu solder system. A larger amount of Sn participates in the reactions. This may be the reason for the high attraction of Au-Sn to the formation of Sn-CuNi-Au compound at the interface. During early stages of reflow of Sn-Pb-Ag solder, Au resettles very rapidly at the interface and forms Au-Sn-Ni compounds on the top of Ni-Sn BIMCs. The diffusion of Au is faster through the Sn-Pb-Ag solder than it is through the Sn-Cu solder. It is concluded that the diffusion of Au through the Sn matrix is very low. The ternary and quaternary Au-containing compounds do not form during initial stage of soldering since the high solubility of Au in the molten solder.
D. Correlations among the interfacial structure, the IMCs thickness, and the mechanical strength
The shear strength of the Sn-Pb-Ag solder decreases gradually with an increase of reflow time up to 30 min. Sn-Cu solder does not show such a gradual decreasing trend of shear strength. The interfaces for solder joints were found to correlate (Figs. 4, 5, 7 , and 8) with the shear strength to find out the reason of changes of shear strength during extended times of reflow. Obviously, they are related to the structure of the interfaces formed during reflow. In Sn-Pb-Ag solder, the content of Ni-Sn BIMCs did not increase significantly, but the shear strength decreased during 30 min reflow. It is concluded that the rapid diffusion of Au and formation of ternary Au-Sn-Ni compounds with reflow time is responsible for this lower value of shear strength. In Ni/Sn-Cu solder system, the thickness of Sn-Cu-Ni TIMCs increases with an increase of reflow time. Different types of TIMCs formed at the interface. Some quaternary compounds have also formed in several places on the solder side TIMCs. Figure 10 shows the TIMC thickness versus shear strength during extended time of reflow of the SnCu solder. The maximum shear strength was found after 180 min reflow. It is concluded that the shear strength does not depend on the TIMCs thickness.
IV. CONCLUSION
The interfacial reactions at the solder joints, formation and growth of intermetallic compounds, and the shear strength of the interface were investigated during extended molten reaction of Sn-Pb-Ag and Sn-Cu solder with electrolytic Ni.
The growth rate of Sn-Cu-Ni TIMCs depends on the percentage of Cu; the higher the Cu percentage, the higher the growth rate of TIMCs. Low-Cu TIMCs have lower growth rate with a lower dissolution rate of the Ni layer. In comparison to the Sn-Pb-Ag solder, Sn0.7Cu solder has a higher dissolution rate of electrolytic Ni layer. Therefore, it could be said that the resistance of electrolytic Ni layer as a barrier of Sn is lower for the Sn0.7Cu solder than the Sn-Pb-Ag solder.
Au resettles very quickly with the reflow time in the Ni/Sn-Pb-Ag solder system. In the Ni/Sn0.7Cu solder system, Au diffuses very slowly through the Sn matrix. Cu (0.7 wt%) prevents the significant amount of Au to resettle at the interface. Therefore, smaller amounts of Sn-Cu-Ni-Au quaternary compounds form at the interface. The quaternary Sn-Cu-Ni-Au compound does not create a weak interface with Sn-Cu solder like the ternary Au-Ni-Sn compound with Sn-Pb-Ag solder interface. Therefore, 0.7 wt% Cu can provide relatively stable shear strength in the Ni/Sn-Cu solder system during extended time of reflow. Although Sn-Cu-Ni TIMCs thickness of Sn-Cu solder is higher, shear strength is relatively stable and higher than it is for the Pb-containing solder. The shear strength depends on the amount of interfacial Au-containing compounds, which is controlled by the percentage of Cu within the solder, but not on the thickness of the IMCs during extended time of reflow. The Ni/Sn-Cu solder system can be used for extended time of reflow due to relatively stable shear strength and lower dissolution rate of Ni layer compared to other lead-free solders.
